Codon-anticodon interaction was investigated in fully active 5-fluorouracil-substltuted E. coll tRNAy al (anticodon FAC) by 19F NMR spectroscopy. Binding of the codon GpU_A results in the upfield shift of a 1^F resonance at 3.9'ppm in the central region of the 1 9F NMR spectrum, whereas trinucleotldes not complementary to the anticodon have no effect. The same 1 9F resonance shifts upfield upon formation of an anticodon-antlcodon dimer between the 1 9F-labeled tRNA and E. coll tRNAj vr (anticodon QUA). These results permit assignment of the peak at 3.9 ppm to the 5-fluorouracll at position 3*1 in the anticodon of fluorouracil-substituted tRNAy a:l -. The methionine codon ApUpG also causes a sequence-specific upfield shift of a peak in the central part of the 1 9F NMR spectrum of fluorlnated E. coll tRNAfJ et . However, A p UpG has no effect on the 1 9F spectrum of ly F-labeled E. coll tRNA^e t , indicating possible conformational differences between the anticodon loop of initiator and chain-elongating methionine tRNAs.
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INTRODUCTION
Recognition of a messenger RNA codon triplet by the appropriate transfer RNA is an essential step in the translation of the genetic code. A thorough understanding of this process requires detailed knowledge of the structure and dynamic properties of the codon-anticodon complex. Binding of complementary ollgonucleotides to tRNA has been examined by means of equilibrium dialysis (1) (2) (3) (4) (5) , fluorescence probes (6,7), chemical modification (8), and recently by 1 H NMR (9, 10) . These studies demonstrate flexibility In the anticodon loop and provide evidence for conformational changes on codon binding. The -specific nature of these changes, however, remains unclear.
Results of a number of investigations suggest that codon-induced conformational changes are transmitted to distant parts of the tRNA molecule, and may disrupt interactions between the T-and D-loops making the T p TpCpG sequence in the T-loop available for binding to the complementary oligonucle-©IRL Press Limited, Oxford, England.
otide CpGpApA (11, 12) . Moreover, it has been established that trlnucleotide codon binding promotes changes in tRNA conformation that lead to the association of tRNA molecules (10, 13, TO;  this reaction may play an important role in efficient codon reading on the ribosome (15).
Recent results have shown that 1^F NMR spectroacopy of 5-fluorouracil (FUra)-substituted tRNAs is a sensitive method for probing the solution structure of tRNA (16) (17) (18) (19) . The ^F-labeled tRNAs represent ideal subjects for investigation by 1^F NMR because they remain fully active in protein synthesis in vitro despite having essentially all their uracll and uracilderlved modified bases replaced by 5-fluorouracil (20-23 Addition of trlnucleotldes not complementary to the anticodon of tRNAY al has no effect on the chemical shift of peak H, as shown in Figure 3 for the trinucleotide ApUpG. Similar results were obtained with ApApA and
UpApA (data not shown), Indicating that the shift observed with G p U p A is codon specific and not due to nonspecific effects of added ollgonucleotldes.
Care was exercised in desalting the oligonucleotldes because several with the codon triplet G p U p A results only in the upfield shift of peak H (3.9-ppm), which also shifts when G p UpA Is added alone (compare Figure 5C with Figures IB and C Figure 1C ); these peaks, however, do not correspond to FUra residues 5t and 55 in the T-loop (see Discussion). In contrast to the results with tRNA^e t , addition of the codon A p U p G to 5-fluorouracil-substituted initiator methionine tRNA, has no effect on thê F NMR spectrum (Figure 7 ) even when the oligonucleotide is present in a in the ^F NMR spectrum of the tRNA (Figures 1 and 2 ). The sequence complementary to CpUpA occurs only once in tRNAY al • at the anticodon. This consideration, together with the finding that trinucleotides not complementary to the anticodon do not shift the 1 9F resonance at 3.90 ppm (Figure 3) , and the close agreement of the value for the binding constant determined in these studies (Figure 2 ) with the value in the literature, determined by equilibrium dialysis, permits us to conclude with some confidence that the observed effect is due to G p U p A binding to the anticodon of (FUra)tRNAY al .
Further evidence to support this conclusion cones from the observation that fornation of an anticodon-anticodon complex (32,33) between (FUra)tRNAyal (anticodon FAC) and E. coll tRNAT, vr (anticodon QUA) produces a similar upfield shift of peak H (Figure 4) . Moreover, we have found that binding of CpUpA to (FUra)tRNAY al causes an upfield shift in the methyl proton resonance at 2.50 ppm (downfield from DSS) in the ^H NMR spectrum of the tRNA (results not shown). Kastrup and Schmidt (36) have assigned this resonance to the methyl group of m°A, which is located adjacent to the anticodon. (18, 19, 24, 25) it was shown that changes in the 2° (helical) and 3° structure of I9p-iabeled tRNAs lead to major changes in the ^? NMR spectrum. We, therefore, expect that basepairing between the FUra residue in the anticodon and an adenlne in the bound trinucleotide codon, will cause a shift of the corresponding !9F resonance. Accordingly, we assign peak H to FUra 34 at the 5' (wobble) position of the anticodon of (FUra)tRNAyal. it is unlikely that the shift of peak H is an indirect effect of codon-induced gross conformatlonal changes in the tRNA, because only one resonance in the 1 9F spectrum is affected by the binding of GpUpA. Assignment of peak H to FUra 31 is consistent with results (21) showing that FUra H is in a single-stranded region of the tRNA. This FUra residue is accessible to pH titratlon, having a pKa of 7.6, similar to that of free 5-fluorouridine (37). Determination of the degree of solvent exposure by measurement of the solvent isotope shift (SIS) on transferring the tRNA from H 2 0 to 2 H 2 0 (21), indicates that FUra H has a SIS value close to that of free 5-fluorourldlne and Is, by this criterion, completely exposed.
Furthermore, FUra H readily forms an adduct with bisulfite (21), a reagent that preferentially reacts with pyrimidlnes In 3ingle-stranded regions of tRNA (38, 39) .
The trinucleotide methionine codon A p u p G Induces the upfield shift of one resonance, peak I, In the central (1 to 5 ppm) region of the 1 9F NMH spectrum of (FUra)tRilA m ' et ( Figure 6 ). Because the shift Is codon-speclfic, and the calculated binding constant agrees well with the literature value, we make a preliminary assignment of peak I to FUra 36 at the 3' position of the anticodon of (FUra)tRNAjjet Interestingly, no change in the 1^F NMR spectrum of fluorine-substituted E. coll initiator methionlne tRNA Is observed upon addition of the codon triplet ApUpG (Figure 7 ) or of A p U p GpA (data not shown). This is surprising in view of an earlier report which showed that the affinity of E. coli tRNApt for ApUpG Is three times greater than that of tRNAjJ et (35) .
Since the anticodon of (FUra) In the shift of only one peak in the 1^F NMR spectra of these tRNAs, which we assign to the FUra residue in the anticodon. No other significant changes in the spectra occur, even though another 5-fluorouracll is present at position 33, directly adjacent to the anticodon of each tRNA. We also see no evidence for a trinucleotide codon-lnduced aggregation of fluorouracil-substituted tRNAs, as is observed with other tRNAs (10, 13, 11) ; the resonances in the 19 F NMR spectra are not broadened on codon binding, as occurs upon formation of the anticodon-anticodon dimer ( Figure 1 ). (Figures 1 and 1 ). . Further experiments will be necessary to determine the nature of this structural change and whether it represents a specific effect of C p GpApA.
